We present 3-dimensional volume-rendered in vivo images of developing embryos of the African clawed frog Xenopus laevis taken with our new en-face-scanning, focus-tracking OCM system at 1300 nm wavelength. Compared to our older instrument which operates at 850 nm, we measure a decrease in the attenuation coefficient by 33%, leading to a substantial improvement in depth penetration. Both instruments have motion-sensitivity capability. By evaluating the fast Fourier transform of the fringe signal, we can produce simultaneously images displaying the fringe amplitude of the backscattered light and images showing the random Brownian motion of the scatterers. We present time-lapse movies of frog gastrulation, an early event during vertebrate embryonic development in which cell movements result in the formation of three distinct layers that later give rise to the major organ systems. We show that the motion-sensitive images reveal features of the different tissue types that are not discernible in the fringe amplitude images. In particular, we observe strong diffusive motion in the vegetal (bottom) part of the frog embryo which we attribute to the Brownian motion of the yolk platelets in the endoderm.
INTRODUCTION
Optical Coherence Microscopy (OCM) is a non-invasive biomedical imaging technique similar to Optical Coherence Tomography (OCT) [1] . Unlike OCT, which performs depth scans into highly scattering biological tissue and is used, for example, in endoscopic probes for optical biopsies, OCM delivers 3-dimensional images by performing consecutive en-face plane scans at increasing tissue depths. One of its main areas of application is developmental biology, e.g., the visualization of developing vertebrate embryos.
The process of gastrulation, the first major morphological event in vertebrate development, is of particular interest in developmental biology. It involves the migration and differentiation of cells into three tissue layers: the ectoderm (future skin and nervous system), the mesoderm (future circulatory system and muscle tissue), and the endoderm (future digestive tract lining and various internal organs). Optical microscopy of the deeper tissues is difficult to perform on the developing embryos. Many animal model systems of interest in developmental biology have opaque embryos and tissues and may require the temporal and spatial imaging of those live embryos to understand their development.
With our OCM instrument, we are able to image frog embryos non-invasively and in vivo, thus following the development of a single frog embryo. We are simultaneously taking two types of images, one that displays the fringe amplitude, i.e., the intensity of the backscattered light, and one that visualizes the diffusive motion of the scatterers in the different tissue types. The two kinds of images reveal additional and complementary information about the embryonic tissue and the frog development.
EXPERIMENTAL METHODS

Characteristics of the new 1300nm OCM instrument
The design of our new 1300 nm OCM instrument is similar to the 850 nm OCM that has been described previously in three publications [2] [3] [4] . Here we will summarize the most important performance specifications and improvements over the old instrument.
With a central wavelength of 1303 nm and a spectral bandwidth (FWHM) of 46.5 nm, the new OCM achieves a depth resolution of 16 µm in air, or 11-12 µm in water or tissue. The lateral resolution of 5 µm corresponds to the waist diameter of the focused beam. Both resolutions are about the same for the two instruments, and comparable to the typical size of cells in developing frog embryos, so individual cells can sometimes be resolved. Two galvoscanning mirrors perform an en face scan of the tissue, then the sample head with the focusing lens is stepped down in the z-direction for imaging the next x-y plane deeper into the tissue while the reference mirror is translated to keep the equal path length position coincident with the focused waist of the beam ("focustracking"). Figure 1 shows a schematic of the instrument. Here, µ is the total attenuation coefficient, which is a measure of how quickly the signal decays in a given sample.
In order to determine the attenuation coefficients for the light sources of both the 850 nm and 1300 nm OCMs, we used fringe amplitude data from various images obtained with the two instruments. We plotted the average fringe amplitude of each plane versus the depth of the plane. Figure 2 shows a graph of a sample (cropped) image with the exponential fit that yields the attenuation coefficient. This analysis is straightforward because of our focus-tracking system that keeps the beam waist coincident with the coherence volume. Our final attenuation coefficients were determined as the means of the values of about a dozen images for each instrument, with standard error for uncertainty. The attenuation coefficient in frog embryo tissue for 1300 nm light was measured to be (20 + 1) mm -1 , a decrease by 33% compared to (30.0 + 0.6) mm -1 for 850 nm light. Fig . 3 shows the substantial improvement in penetration depth of the 1300 nm instrument. 
Description of Motion Sensitivity
The interference term (the fringe signal) of the OCM is given by:
The first term in the phase of Eq. (2) is the one that generates the "fringe signal". It is due to the motion of the reference mirror which is glued to an oscillating piezo stack. The piezo is driven sinusoidally at its resonance frequency of where 2ω P and ω P 3 are the powers in the 2 nd and 3 rd harmonics, respectively, and -term. The scatterer generally produces phase changes much faster than the thermal phase drift, but much slower than the reference mirror/piezo stack oscillation. The OCM detects motion of individual scatterers by performing multiple consecutive x-scans (typically 6), and taking the difference between phases calculated for consecutive x-scans of the same voxel. Together with the time between successive visits to the same voxel, these phase differences yield the z-velocity of the scatterer. Our motion sensitive images display for each voxel the standard deviation of these five phase differences belonging to the same voxel, and are thus a measure of the jitter of the scatterer's motion. Fig. 4 shows two images of frog embryos during gastrulation, where the one on the left is taken with the 850 nm instrument, and the one on the right with the new 1300 nm OCM. The increased depth penetration of our 1300 nm OCM compared to that of the 850 nm OCM allows for a stronger signal in deeper tissue and therefore more reliable motion sigma values, as well as stronger contrast at the ectoderm-mesendoderm boundary. 
RESULTS AND DISCUSSION
Frog Embryo Imaging
By inspecting the albino embryos under a light microscope we selected healthy ones for imaging, i.e. those that are spherically symmetric, of average size relative to the others (diameter ~1.2-1.4 mm), and among the more developed embryos of their batch, as measured by the number of visible cell divisions. Xenopus laevis embryos develop within a protective jelly coat surrounded by a thin sticky membrane that tends to cast shadows on the embryo in images. To avoid this shadowing, we mechanically removed the sticky membrane using two dissecting forceps under the light microscope. The embryos, now only surrounded by the protective jelly coating, were imaged in plastic Petri dishes filled with rearing buffer. They were simply placed on a stack of microscope slides (when imaged from above) or held lightly in place between an angled microscope slide and the Petri dish bottom (when imaged from below in a tilted Petri dish). Fig. 5 below shows a fringe amplitude image of frog gastrulation at an early stage on the left, and a motion-sigma image on the right. Clearly, the motion-sigma image reveals information about the tissue that complements the features displayed in the fringe amplitude image. We observe a higher motion-sigma value in the vegetal (bottom) mass of the embryo which we attribute to the Brownian motion of yolk platelets in the vegetal yolk cells (endoderm). Yolk platelets, the cell organelles that contain the frog embryo's pre-stored nutrients, come in a wide range of sizes, mostly falling between 1 µm to 10 µm [6] . The larger, denser yolk platelets tend to settle in the most vegetal (bottom) region of the oocyte, while the lighter ones stay above. After fertilization, small yolk-free cells are found near the animal pole, and large yolk-filled cells in the vegetal hemisphere. When the embryo forms a blastula, the yolk-free cells make up the blastocoel roof while the large yolk-filled cells form the endoderm [7] . Figure 6 shows a time sequence of images taken during early gastrulation. All images are mid-sagittal sections with the dorsal side to the right and ventral side to the left. Just prior to gastrulation, the embryo consists of a mass of undifferentiated cells with a fluid filled cavity in the upper half, called the blastocoel, as shown in Figure 6 A. The thin layer of cells above the blastocoel is the presumptive ectoderm, the mass of larger cells below the blastocoel is going to be the endoderm, and the cells between the future ectoderm and endoderm will be the mesoderm. Gastrulation is theorized to be initiated by a process called vegetal rotation in which the blastocoel floor expands and moves upward, while its peripheral edges are curling downward. It was first suggested by Winklbauer and Schürfeld on the basis of their studies of explant embryos that had their blastocoel roofs sliced off [8] . During gastrulation, the mesoderm and endoderm involute, or fold into, the embryo while the ectoderm spreads and thins to completely cover the embryo in a process called epiboly. The mesendoderm (mesoderm and endoderm) migrates up the inner surface of the ectoderm, ultimately displacing the blastocoel.
Interpretation of the frog embryo images
Our OCM instrument allows non-invasive imaging of opaque embryos in vivo and provides the temporal and spatial information of those live embryos or tissues to understand their development.
